Neurofibromatosis type 2 (NF2) is an autosomal-dominant disease that results in the formation of bilateral vestibular schwannomas (VSs) and multiple meningiomas. Treatment options for NF2-associated tumors are limited, and to date, no medical therapies are FDA approved. The ideal chemotherapeutic agent would inhibit both VS and meningiomas simultaneously. The objectives of this study are (1) to test the efficacy of AR42, a novel histone deacetylase inhibitor, to inhibit VS and meningioma growth and (2) to investigate this drug's mechanisms of action. Primary cultures of human VS and meningioma cells were established. Nf2-deficient mouse schwannoma and benign human meningioma Ben-Men-1 cells were also cultured. Cells were treated with AR42, and the drug's effects on proliferation and the cell cycle were analyzed using a methanethiosulfonate assay and flow cytometry, respectively. Human phospho-kinase arrays and Western blots were used to evaluate the effects of AR42 on intracellular signaling. The in vivo efficacy of AR42 was investigated using schwannoma xenografts. Tumor volumes were quantified using high-field, volumetric MRI, and molecular target analysis was performed using immunohistochemistry. AR42 inhibited the growth of primary human VS and Nf2-deficient mouse schwannoma cells with a half maximal inhibitory concentration (IC 50 ) of 500 nM and 250-350 nM, respectively. AR42 also inhibited primary meningioma cells and the benign meningioma cell line, Ben-Men-1, with IC 50 values of 1.5 mM and 1.0 mM, respectively. AR42 treatment induced cell-cycle arrest at G 2 and apoptosis in both VS and meningioma cells. Also, AR42 exposure decreased phosphorylated Akt in schwannoma and meningioma cells. In vivo treatment with AR42 inhibited the growth of schwannoma xenografts, induced apoptosis, and decreased Akt activation. The potent growth inhibitory activity of AR42 in schwannoma and meningioma cells suggests that AR42 should be further evaluated as a potential treatment for NF2-associated tumors.
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Keywords: Akt, AR42, cell-cycle arrest, HDAC inhibitors (HDACis), meningiomas, merlin, neurofibromatosis type 2 (NF2), NF2 gene, vestibular schwannomas (VS). N eurofibromatosis type 2 (NF2) is an autosomaldominant disease caused by mutations in the NF2 gene. 1, 2 Patients with NF2 develop multiple nervous system tumors; however, bilateral vestibular schwannomas (VSs) and multiple meningiomas are most common. VSs develop from Schwann cells of the vestibulocochlear nerve, and meningiomas originate from meningothelial cap cells of the arachnoid. 3 Schwannomas are typically benign tumors, although rare malignant forms have been reported. 4 Meningiomas account for approximately 20% of primary intracranial tumors, and the World Health Organization classifies meningiomas as grade I (benign) (80%), grade II (10 -15%), and malignant grade III tumors (1-2%). 3,5 -7 While NF2 patients develop both VSs and meningiomas synchronously, these tumors can also occur sporadically in non-NF2 patients. In both scenarios, these tumors occur along the skull base and cause hearing loss, tinnitus, cranial nerve palsies, and balance dysfunction. 8 -12 When they are large, NF2-associated tumors can compress the brainstem, resulting in hydrocephalus, blindness, stroke, and even death. 13 Current treatment options for VSs and meningiomas are surgical excision, stereotactic radiation, and observation; however, no medical options exist for afflicted patients. The ideal chemotherapeutic agent would demonstrate efficacy against both tumor types and have minimal side effects.
The NF2 gene encodes a tumor suppressor known as merlin, for moesin, ezrin, and radixin-like protein. 1, 2 Loss of merlin leads to increased proliferation of Schwann and leptomeningeal cells. 5,14 -16 Investigations into the molecular mechanisms underlying tumorigenesis in NF2-deficient cells have identified several potential drug targets. We and others have reported that the absence of merlin results in activation of the phosphoiniositide (PI) 3-kinase/Akt pathway 17, 18 and Akt inhibition suppresses schwannoma and meningioma growth. 19, 20 Therefore, the preclinical development of inhibitors that suppress the Akt pathway may be an effective treatment strategy for VSs and meningiomas.
Histone deacetylase inhibitors (HDACis) are emerging as a new class of antitumor drugs 21 -26 due to their ability to promote differentiation, 27, 28 induce cell cycle arrest, 29 -31 and cause apoptosis. 32, 33 The exact mechanisms by which HDACis induce growth inhibition are dependent on cell type and context. 26 Also, several classes of HDACis exist, and their biologic effects, enzyme specificities, and potencies vary greatly. 34 HDACis can cause epigenetic modifications in gene expression; 35, 36 however, they can also exert histone-independent antitumor effects through modulation of cell signaling pathways. 21, 27, 35, 36 HDACis have demonstrated in vitro and in vivo biologic activity to inhibit multiple intracranial tumors through a variety of mechanisms. 37 -41 For example, HDACis have been reported to interact with the c-Jun N-terminal kinase (JNK) pathway to induce apoptosis. 41, 42 A novel phenylbutyrate-based pan-HDACi, AR42 (previously known as OSU-HDAC42; Arno Therapeutics), has been shown to have potent HDAC-inhibitory activity. 43 This particular drug has shown potent antitumor effects in multiple tumor types, at least in part by inhibition of the PI3K/Akt pathway. 43 -49 The objective of the current study is to examine the antitumor effect of AR42 on schwannomas and meningiomas and to determine whether treatment efficacy correlates with Akt pathway suppression.
Materials and Methods

Materials
AR42, licensed by Arno Therapeutics, was formulated as a free base and was supplied by Arno.
Tissue Acquisition and Primary Cell Cultures
The Ohio State University Institutional Review Board approved the protocols for human subjects in the acquisition of fresh VS and meningioma specimens. The diagnoses of these tumors were confirmed by a clinical neuropathologist. The excised tumor specimens were placed in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen) with 10% fetal bovine serum (FBS) and promptly transported to the laboratory. Specimens were then minced into 1 -3 mm sections and dissociated with 0.6 U/mL collagenase (Serva) and 0.125 U/mL dispase (Invitrogen) for 3 -5 hours in a 378C humidified incubator. The dissociated tissue fragments were then triturated, spun down, and plated onto tissue culture-treated dishes (for meningiomas) or onto dishes coated with poly-D-lysine-laminin (PDLL) (for VS) in DMEM/10% FBS.
Immunofluorescent staining was used to confirm the identity of our primary cultures. Cells plated on chamber slides were fixed for 30 min with freshly prepared 2% paraformaldehyde. All antibody dilutions were made in phosphate buffered saline (PBS) with 10 mg/mL bovine serum albumin and 1 mg/mL saponin, and incubations were performed at room temperature. VS cells were probed with S100 (1:1000, #Z0311: Dako USA), and meningioma cells were probed with epithelial membrane antigen (EMA) (1:1000, clone E29 #M0613: Dako USA) (Fig. 1A) . After 2 hours, the cells were washed with PBS and incubated for 1 hour with a 1:1000 dilution of either Oregon Green-488 goat anti-rabbit antibody (S100) or Alexa Fluor -488 goat anti-mouse antibody (both from Invitrogen). Cells were then washed with PBS and visualized by epifluorescence.
The purity of the cultures was also confirmed with light microscopy, and photomicrographs were taken to document cell morphology and to confirm the absence of fibroblasts (Fig. 1B) . Small clumps of primary tumor tissue were seen at passage #0 (Fig. 1B) ; however, a monolayer of cells was demonstrated on ensuing passages. To limit fibroblast contamination, only early passage (1 5) primary cultures were used for experiments. Prior to each experiment, cultures were examined and fibroblast contamination was less than 10% in each primary culture for each experiment. To determine NF2 status, Western blots (method below) were performed on untreated primary VS and meningioma cell lysates using an anti-merlin antibody (#3356-1; Epitomics) (Fig. 1C ). An antibody to a/b-tubulin (#2148; Cell Signaling Technology) was also used to confirm equal protein loading, and lysate from IOMM-Lee, an NF2 +/+ malignant meningioma cell line, was used as a positive control. Primary VS and meningioma cells were found to be negative for merlin, with the exception of one primary meningioma culture, which was weakly positive for merlin.
Cell Culture
Both primary human VS and meningioma cells were generated as described above. Nf2 2/2 mouse schwannoma cells were derived from a P0Cre;Nf2 flox2/flox2 mouse with Nf2 inactivation in Schwann cells.
19,50
Nf2
+/+ NF2P2.4-T schwannoma cells (mSchT) were derived from a transgenic mouse carrying an NF2 promoter-driven SV40 large T antigen gene. 19, 51 Human malignant schwannoma, HMS-97, 52 and Ben-Men-1 benign human meningioma cells 53 were also used. Both Nf2 2/2 mouse schwannoma and human VS cells were cultured on PDLL-coated dishes and maintained in DMEM/10% FBS containing 10 ng/mL recombinant human NRG1-b1/HRG1-b1 epidermal growth factor domain (heregulin; R&D Systems) and 0.2 mM forskolin (Sigma). All other cell types were plated on uncoated dishes and grown in DMEM/10% FBS.
MTS Assays
Cell proliferation was determined using the CellTiter 96 AQueous Non-Radioactive Cell Proliferation Assay kit (Promega) according to the manufacturer's instructions. Cells were plated at 4 × 10 3 cells per well in 96-well plates. The following day, cells were treated with AR42 at the indicated concentrations at 378C. After 72 hours, 20 mL of methanethiosulfonate (MTS) assay solution was added to each well and incubated at 378C for 1 to 4 hours. The amount of bioreduced formazan produced was estimated by measuring the absorbance at 490 nm. The percentage of cell proliferation was plotted against concentrations of AR42, and the half maximal inhibitory concentration (IC 50 ) was calculated. Cells were also examined by light microscopy to document changes in cell morphology and density.
Westerns and Antibody Arrays
Subconfluent cells were treated with the indicated amounts of AR42. To screen for potential drug-affected signaling pathways, the Human Phospho-Kinase Proteome Profiler antibody array kit was used (R&D Systems), using 300 mg of total protein per array membrane. For immunoblotting, total cell lysates were harvested in ice-cold kinase lysis buffer (20 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM ethylene glycol tetraacetic acid, 1% Triton X-100, 2.5 mM sodium pyrophosphate, pH 7.5) supplemented with protease and phosphatase inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 1x protease inhibitor cocktail [Sigma] , and 0.5 mg/mL pepstatin A [Roche]. Lysates were sonicated for 10 seconds, and the total protein content was assayed using the microBCA kit (Pierce). Equal amounts of total cell lysates were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to PVDF or nitrocellulose membranes. Immunoblots were probed with antibodies against AKT (#9272), phosphoThr308-Akt (C31E5E, #2965), phosphoSer473-Akt (D9E, #4060), stress-activated protein kinase (SAPK)/JNK 56G8 (# 9258), p-SAPK/JNK (Thr183/Tyr185) (#4671), glyceraldehyde-3-phosphate dehydrogenase (14C10, #2118) (all from Cell Signaling Technology), and acetylated histone H3 antibody (#06-599; Millipore).
Cell-Cycle Analysis
Primary tumor and Ben-Men-1 cells treated with the indicated concentrations of AR42 for 2-6 days were harvested by trypsinization. Floating and adherent cells were collected, washed twice with cold PBS then fixed by dropwise addition of 1 mL of ice-cold 70% ethanol while vortexing. A propidium iodide (PI) solution (50 mg/mL) containing RNase A (100 mg/mL) and Triton X-100 (0.05%) was added to the samples, followed by incubation for 30 to 60 min at 378C. Samples were then filtered to remove cell aggregates and analyzed by FACS (fluorescence-activated cell sorting) Calibur flow cytometer (Becton Dickinson) after gating (FL2-A/ FL2-W) the diploid population. Data were analyzed using ModFit LT software (Verity Software House) with gating around the diploid population of cells.
HMS-97 Schwannoma Xenografts, MRI, and Immunohistochemistry
The Ohio State University and Nationwide Children's Hospital Institutional Animal Care and Use Committees approved the animal protocols (2008A0035 and AR07-00062, respectively) for the HMS-97 schwannoma xenograft model, which has been previously described. 19 HMS-97 schwannoma cells (5 × 10 5 cells/mouse) resuspended in 0.2 mL of a 50% Matrigel solution (BD Biosciences) were injected subcutaneously with an 18-gauge needle into the left flank of severe combined immunodeficiency (SCID) mice (CB-17/Icr SCID from Charles River). On day 3 postinjection, the injected mice were then divided into two groups: the first (control) group of mice was fed normal rodent chow (Harlan Teklad); and the second group of mice was fed chow formulated to deliver 25 mg/kg AR42 daily (Research Diets). Forty-five days after injection the mice were scanned by a high-bore small-animal MRI, using a Bruker Biospin 94/30 magnet (Bruker Biospin). The respiration and temperature of the animals were monitored using the Small Animal Monitoring and Gating system (Model 1025, Small Animals Instruments). Axial T1-weighted (repetition time [TR] ¼ 1500 ms, echo time [TE] ¼ 7.5 ms, Rare Factor ¼ 4, navgs ¼ 4) and T2-weighted rapid acquisition relaxation enhanced (RARE) images (TR ¼ 4200 ms, TE ¼ 12 ms, Rare Factor ¼ 8, navgs ¼ 4) were acquired contiguously over the entire region of the tumor. The acquisition parameters for both the T1-and T2-weighted multislice scans were as follows: FOV ¼ 30 × 30 mm, slice thickness ¼ 1 mm, matrix size ¼ 256 × 256. A region of interest (ROI) that included the tumor was manually outlined (software developed in-house) using the T1-and T2-weighted images. Tumor volumes were calculated from summing the outlined ROI from each contiguous slice.
Following MRI, HMS-97 xenograft tumors in SCID mice with and without AR42 treatment were dissected, fixed in 10% neutral buffered formalin, and embedded in paraffin. Tissue in 5-mm sections were obtained. Standard hematoxylin -eosin staining was performed, as was staining for cleaved caspase-3 (#9661L; Cell Signaling), transferase-mediated dUTP-biotin nick-end labeling (TUNEL) (ApopTag colorimetric assay; Millipore), and phosphoSer473-Akt. Negative controls were treated with the same immunostaining procedure except without the primary antibody.
Results
AR42 Inhibits the Proliferation of Schwannoma and Meningioma Cells
Two mouse schwannoma cell lines (P0Cre;Nf2 flox2/flox2 and mSchT), a malignant human schwannoma cell line (HMS-97), and a benign meningioma cell line (Ben-Men-1) were used in the initial screen for the efficacy of AR42. Exposure of mouse schwannoma cell lines (P0Cre;Nf2 flox2/flox2 and mSchT) to AR42 inhibited cell proliferation in a dose-dependent manner (IC 50 ¼ 250 nM) (Fig. 2A) . AR42 treatment of primary human VS cells from 3 different patients and HMS-97 human malignant schwannoma cells resulted in similar growth inhibition with a mean IC 50 of 500 nM and 350 nM, respectively (Fig. 2B) . Meningioma cell proliferation was also inhibited by AR42, although these cells were less sensitive than schwannoma cells (Fig. 2C) . When primary human meningioma cells from two different patients were treated with AR42, an average IC 50 of 1.5 mM was obtained. The IC 50 for the benign meningioma cell line, Ben-Men-1, was found to be about 1 mM. Both VS and meningioma cells treated with AR42 also exhibited a dose-dependent growth inhibition, as observed by light microscopy ( Figs 2D and E) . These results indicate that AR42 potently inhibits both schwannoma and meningioma cells.
AR42 Decreases Phospho-Akt and Inhibits Histone Deacetylases in NF-associated Tumors
To examine the effects of AR42 on intracellular signaling, we screened the phosphorylation status of multiple cellular kinases in sporadic and NF2 VS cells using the human phospho-kinase antibody array (Fig. 3) . Incubation of these membranes with cell lysates indicates which kinases are activated in these tumors as well as whether these same kinases respond to our candidate inhibitors. Activated Akt was strongly expressed in both sporadic and NF2-associated VS cells. Other activated kinases included ERK1/2, Src, Yes, and FAK. Treatment with AR42 of sporadic and NF2 schwannoma cells resulted in a decrease in phosphorylated Akt. Other kinases or phosphoproteins modulated by AR42 treatment included: ERK1/2, CREB, b-catenin, FAK, Src, and Yes. There was no evidence of baseline JNK activation in VS cells or modulation of the JNK pathway by AR42 exposure.
Data obtained from our antibody array studies were confirmed by Western blots. Protein lysates from control and AR42-treated schwannoma and meningioma cells were analyzed using antibodies to phospho-Akt (serine-473 and threonine-308) as well as total Akt protein. Drug treatment consistently decreased phospho-Akt at both ser473 and thr308 in primary VSs, primary meningiomas, and Ben-Men-1 cells (Figs 4A and B) , while the total Akt levels remained constant in all samples. Since there have been reports of HDAC inhibitors activating the JNK pathway, 42, 54 we next validated that AR42 did not modulate JNK (Fig. 3) using immunoblots. Again, in line with our antibody array data, phosphorylated and total levels of JNK were unaffected by AR42 treatment (Fig. 4C) . Then, to verify that AR42 inhibited histone deacetylase, we probed western blots with an antibody to acetylated histone H3. AR42 treatment resulted in a dramatic increase in histone H3 acetylation for all cell types (Fig. 4D) .
AR42 Induces G2 Arrest and Apoptosis in Schwannoma and Meningioma Cells
To characterize the effect of AR42 exposure on the cell cycle, flow cytometry was performed using primary VS and meningioma cells that had been exposed to varied AR42 doses and treated for different durations. After 2 days of AR42 exposure, G 2 arrest was induced in primary VS cells, shifting the percentage of cells in G 2 from 16% (control) to 23% (Fig. 5A) . After drug treatment, only a slight increase in the hypodiploid sub-G 1 (apoptotic) fraction was observed. Varying the dose while holding duration of treatment constant at 3 days found a similar pattern of G 2 arrest without any increase in apoptotic fraction (Fig. 5B) . Treatment duration was then increased to 6 days to identify late treatment effects on the cell cycle. With prolonged AR42 exposure both G2 arrest and a moderate increase in apoptosis was observed (Fig. 5C ).
AR42 treatment of Ben-Men-1 cells showed increases in apoptosis along with an increase in the G 2 /M fraction (Fig. 5D) . Similar results were observed in cells from two different primary meningioma samples (Figs 5E and F). Prolonged AR42 treatment resulted in a large increase in the percentage of meningioma cells in the apoptotic (sub-G 1 ) fraction (Fig. 5G) .
AR42 Inhibits Proliferation of Malignant Schwannoma Xenografts, Induces Apoptosis, and Suppresses Akt Signaling In Vivo
To test the in vivo efficacy of AR42, SCID mice implanted with HMS-97 cells were fed chow containing AR42. After 45 days of treatment, the tumors in AR42-fed mice were approximately 42% smaller in mean volume than those in the control mice (Fig. 6A) . The treated mice demonstrated no overt clinical toxicities. The xenograft tumors harvested from AR42-fed mice showed increased numbers of apoptotic bodies on hematoxylin-eosin sections (Fig. 6B) . To confirm the presence of apoptosis after AR42 treatment, both cleaved caspase-3 immunohistochemistry and TUNEL staining were performed. Xenograft sections of AR42 had scattered foci with very high cleaved caspase-3 positivity, while cleaved caspase-3 positivity was much less in control tumors (Fig. 6C) . TUNEL staining was also stronger in AR42-treated tumors compared with control tumors Bush et al.: AR42, a novel histone deacetylase inhibitor NEURO-ONCOLOGY † S E P T E M B E R 2 0 1 1 987 (Fig. 6D ). Akt activation status was then examined in xenograft tumors exposed to AR42 (Fig. 6E) . While p-Akt(Ser-473) staining was readily detected in the nucleus and the cytoplasm of untreated xenograft samples, AR42 treatment significantly decreased p-Akt labeling in treated tumors. 
Discussion
Vestibular schwannomas and meningiomas are common, benign intracranial tumors that can cause severe patient morbidity by virtue of their critical locations. For patients with NF2, multiple such tumors occur synchronously and often recur following surgical removal. Currently, no medical therapies are indicated by the U.S. Food and Drug Administration (FDA) for treatment of NF2-associated tumors; therefore, the development of low-toxicity chemotherapeutic agents targeting VSs and meningiomas would be of great benefit. Some NF2 patients are already enrolling in offlabel, compassionate-use drug trials for FDA-approved agents. 55 -57 For example, inhibitors of vascular endothelial growth factor 58 and ErbB/HER receptors 57 have been used in pilot studies to treat NF2-associated schwannomas; however, response rates have been inconsistent, side effects are significant, long-term benefits are unclear, and these drugs have not been evaluated against meningiomas. Moreover, strong preclinical data supporting use of these drugs for NF2-associated tumors is lacking. The current study demonstrates that AR42, a novel HDACi, potently inhibits both schwannoma and meningioma growth at doses that correlate with Akt inactivation. These same IC 50 doses cause G 2 /M arrest and apoptosis in both cell types. Validation studies in vivo demonstrate that AR42 inhibits schwannoma xenograft growth, induces apoptosis, and decreases activated Akt. NF2-deficient tumor cells have multiple deregulated signaling pathways, including platelet-derived growth factor, ErbB2/3, PI3K/Akt, MEK/ERK (extracellular signal-regulated kinase), and Rac1/JNK. 59 -74 The absence of merlin contributes to Akt activation seen in schwannomas, 32, 33, 35 and while the signaling pathways involved in meningioma tumorigenesis may be more complex, 75 aberrant Akt activation has been a consistent finding. 18, 74 Previous studies demonstrated that Akt inhibition decreases VS cell growth and induces apoptosis both in vitro and in vivo; 19 also, investigators have shown that targeting the PI3 -Akt-mTOR (mammalian target of rapamycin) pathway in cultured meningioma cells limits cell growth. 75 Since Akt activation is common to the pathogenesis of both VSs and meningiomas, we assessed whether efficacious doses of AR42 inhibited Akt. Our finding demonstrated that AR42 treatment of both primary schwannoma and meningioma cells consistently resulted in lower levels of Akt phosphorylation, both in vitro and in vivo.
The literature suggests that two plausible mechanisms may account for AR42-mediated decreases in p-Akt. First, AR42 could alter total Akt levels, either by inhibiting transcription/translation of the Akt gene or by destabilizing Akt protein. 46 The second possibility is that AR42 activates an Akt-directed phosphatase that dephosphorylates Akt. Indeed, Chen et al. reported that HDACs 1 and 6 bind to and inhibit protein phospatase-1 (PP1); after HDACi addition, PP1 was liberated from this inhibitory HDAC complex and could dephosphorylate Akt. 43 Since we found no difference in total Akt amounts after AR42 treatment in either schwannomas or meningiomas, we propose that HDAC interaction with Akt may underlie our study's observation that efficacious doses of Akt correlate with decreased p-Akt. 
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Rac1/JNK is deregulated in many glial and Schwann cell tumors, making this a pathway of interest in NF2 research. Kaempfer et al. demonstrated that increases in active Rac1 and JNK play a role in schwannoma progression as well as tumor cell dedifferentiation. 60 By activating apoptotic cascades, 76 JNK sensitizes glioma cells to apoptosis. 77 The JNK pathway is a reported target of HDACi in leukemia and glioma cells. 42, 78 Ras can also activate JNK, 79 and HDACi treatment can induce apoptosis in cells expressing constitutively active K-RasV12. 54 It is important to note, however, that some HDACi's do not act on the JNK pathway and that this effect may be specific to both HDACi and cell type. For example, Chen et al. demonstrated that the HDAC inhibitors trichostatin A and SAHA (suberoylanilide hydroxamic acid) preferentially promote dephosphorylation of Akt in malignant glioblastoma cells with no effect on the JNK phosphorylation. 43 To examine these pathways in greater detail, we evaluated whether the effects of AR42 may be due to modulation of total JNK or p-JNK levels in NF2-associated tumors. Using phospho-kinase arrays and Western blots, our in vitro results found that AR42 treatment had no effect on total JNK or p-JNK levels, suggesting that JNK signaling does not play a significant role in the antimitogenic effects of AR42 in schwannomas and meningiomas.
Histone acetylation is critical to epigenetic modifications occurring in many solid and hematological tumors. 80, 81 Acetylation neutralizes the positive charge on histone tails, thereby weakening interactions with negatively charged DNA, creating a more "open" chromatin conformation and altering transcription of growth-regulatory genes. 35, 36 Overexpressed or sustained HDAC activity has been reported in leukemia, lymphomas, and other types of cancers. 21, 27, 35, 36 The aberrant HDAC activity in human neoplasms deacetylates the N-termini of core histones, resulting in a tightly closed chromatin structure; therefore, tumor suppressor genes can be silenced by abnormal HDAC activity. Inhibitors of HDACs reverse this histone deacetylation, thus reactivating expression of silenced genes. 34 Acetylated histones, such H3 and H4, serve as in vitro and in vivo markers for successful HDAC inhibition. 46 We found that AR42 strongly upregulated acetylated histone H3 in treated VS and meningioma cells. Although not the focus of the current study, some of the observed antiproliferative effects of AR42 are likely due to these epigenetic modifications and alterations in gene transcription. These effects are currently under investigation in our laboratory using Affymetrix gene expression arrays and quantitative reverse transcriptase PCR.
HDAC inhibitors profoundly affect cell cycle distribution, potentially inducing arrest at either the G 1 or G 2 checkpoints. 43 Lee et al. reported that the Scriptaid, an HDACi, induced G 1 arrest at low concentrations and G 2 arrest in higher concentrations in colon cancer cells, with no effect on apoptosis. 82 Lin et al. examined the effect of AR42 on a series of malignant mast cell lines and found that AR42 caused G 2 arrest in some cell lines but demonstrated apoptosis in others. 46 We found that AR42 treatment of schwannoma and meningioma cells resulted in dose-dependent G 2 growth arrest in both cell types, consistent with other reports using this inhibitor. 43, 46 We also identified apoptosis in both cell types; however, this effect was more pronounced in meningioma cells; VSs demonstrated a moderate increase in apoptosis only after extended treatment (6 days). Consistent with our in vitro data demonstrating that AR42 inhibits schwannoma cell proliferation at doses correlating with decreased p-Akt, our schwannoma xenograft model found that AR42 exposure reduced xenograft tumor volume by 42% (mean), decreased NEURO-ONCOLOGY † S E P T E M B E R 2 0 1 1 p-Akt, and was not overtly toxic to mice. Interestingly, steady-state oral dosing of schwannoma xenograftbearing mice for 45 days found robust evidence of apoptosis. Histologic analysis of hematoxylin-eosin sections from AR42-treated tumors revealed apoptotic bodies, and TUNEL staining and anticleaved caspase-3 antibody found increased staining throughout all treated specimens. These results demonstrate that the effect of AR42 may be cell type-dependent and may also depend on dose and duration of treatment. This flank of SCID mice as previously described. 24 Xenograft-bearing mice were fed normal chow or AR42-containing chow formulated to deliver 25 mg/kg HDAC42 daily. The mice were weighed weekly and the amount of drug chow consumed was assessed weekly. Forty-five days following the injection, the mice were examined with a 9.4 T/cm MRI scanner, and noncontrasted T1-weighted axial and coronal images were obtained. Mice that had been fed AR42 had on average 42% smaller tumors compared with the control group (A). Tumor histopathology revealed an increase in apoptotic bodies on hematoxylin-eosin staining (B) that was confirmed by increased cleaved caspase-3 lableling (C). Apoptosis was also demonstrated with TUNEL staining, which showed strong staining in drug-treated tumors (D). Drug-treated tumors had decreased p-Akt(Ser473) labeling relative to control tumors (E).
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finding underscores the importance of validating in vitro drug mechanism studies using in vivo results. This is particularly relevant to the human condition in that oral dosing of AR42 likely results in steady drug levels for days or perhaps even weeks of treatment.
Our study findings are consistent with results from other investigators demonstrating that the in vivo efficacy of AR42 treatment correlates with suppression of Akt activation. 45, 46, 49, 83 For example, AR42 suppressed PC-3 prostate cancer xenograft growth by reducing phospho-Akt as well as activating the intrinsic apoptotic pathway. 45 More than a dozen HDAC inhibitors are now being investigated in phase I/II clinical trials for solid and hematological tumors, with some showing efficacy and low pharmacotoxicity. 21, 27, 35, 36, 84 Due to its high potency against NF2-associated tumors through inhibitory effects on Akt, AR42 is a promising candidate for the treatment of VSs and meningiomas.
Conclusion
AR42 is a novel histone deacetylase inhibitor that potently reduces VS and meningioma proliferation. This growth suppression correlates with decreased Akt phosphorylation and G 2 cell cycle arrest and apoptosis induction. Consistently, in vivo treatment with AR42 inhibited the growth of schwannoma xenografts, induced apoptosis, and decreased activated Akt. Further validation of this novel small-molecule inhibitor as a potential treatment for VS and meningioma is warranted.
